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ABSTRACT  
   
Urbanization, a direct consequence of land use and land cover change, is 
responsible for significant modification of local to regional scale climates. It is 
projected that the greatest urban growth of this century will occur in urban areas 
in the developing world. In addition, there is a significant research gap in 
emerging nations concerning this topic. Thus, this research focuses on the 
assessment of climate impacts related to urbanization on the largest metropolitan 
area in Latin America: Mexico City. 
Numerical simulations using a state-of-the-science regional climate model 
are utilized to address a trio of scientifically relevant questions with wide global 
applicability. The importance of an accurate representation of land use and land 
cover is first demonstrated through comparison of numerical simulations against 
observations. Second, the simulated effect of anthropogenic heating is 
quantified. Lastly, numerical simulations are performed using pre-historic 
scenarios of land use and land cover to examine and quantify the impact of 
Mexico City's urban expansion and changes in surface water features on its 
regional climate. 
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CHAPTER 1 
INTRODUCTION 
According to the United Nations (UN), global population in 2014 reached 
7.2 billion people, with more than 50% of dwellers residing in urban areas. An 
increase of 27.7% is expected by the middle of the twenty-first century, and 
projections estimate a median population reaching ten billion inhabitants by 2100 
(UN Department of Economic and Social Affairs Population Division, 2014).  
Most of this additional urbanization will take place in developing countries 
(Shlomo, Parent, Civco & Blei, 2012). Cities are considered to be centers of 
opportunity for those who live in rural areas or small towns in which employment 
prospects are limited. As a result of this immigration flow, urbanization demands 
conversion of rural to built-up landscapes.  
Landscape modification affects regional climates, particularly in the 
structure of near-surface air temperatures, wind speed and direction, and 
precipitation (Pielke, 2001). For instance, the reduction of vegetated surfaces 
reduces evapotranspiration, which has further implications for the water cycle. 
Additionally, low albedo materials are widely found within the urban configuration, 
and such materials are characterized as being significant retainers of solar 
radiation, resulting in storage of energy within the urban environment. At night, 
those low albedo materials release the absorbed energy and prohibit nocturnal 
cooling, resulting in greater thermal conditions for urban relative to rural areas. 
This phenomenon is known as urban heat island (UHI) effect (Arnfield, 2003; 
Oke, 1973). 
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  Characterization of the surface energy balance allows for examination of 
drivers of urban-induced regional climate change for a given location. 
Specifically, the thickness of the planetary boundary layer (PBL) depends on the 
partitioning of surface absorbed radiation between the turbulent fluxes (sensible 
and latent heat) and storage within the urban infrastructure. Oke (1987) defined 
the surface energy balance for urban environments as: 𝑄∗ +   𝑄! =   𝑄! +   𝑄! + ∆𝑄! 
 Where 𝑄∗ is the net all-wave radiation, it is expressed as: 𝑄∗ = 𝐾∗ +   𝐿∗. 𝐾∗ is the net difference of the incoming and outgoing shortwave radiation while L*  
is the net difference of the incoming and outgoing longwave radiation. 
 𝑄! is the anthropogenic heating released due to combustion of fuels and electric 
usage, 𝑄! is the sensible heat flux, 𝑄! is the latent heat flux and ∆𝑄! is the net 
change of energy storage by the building materials (Oke, 1987). The 
anthropogenic heat release, 𝑄!, is an energy source found in urban 
environments and is commonly associated with the development of the UHI 
effect (Oke, 1988). 𝑄! magnitude is the result of several sources such as 
industrial activities, electrical energy demand (i.e. heating or cooling of building 
air) and combustion of fuels. Temperate latitude urban areas display a 𝑄! about 
15 to 50 W/m2 (Oke, 1988).  
Moreover, the alterations from natural land surfaces to engineered 
structures have been shown to amplify the frequency of heat events (Zhang, 
Shou, Dickerson & Chen, 2011). These impacts could negatively upset city 
residents’ health due to poor quality of air, with potentially deleterious 
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consequences for heat-related mortality and morbidity (Borden and Cutter, 2008; 
Harlan et al, 2006; Hondula et al, 2014). 
 Despite extensive investigations on the effects of urbanization on a variety 
of urban areas in the world, very limited research exists for fast growing and 
high-density metropolitan areas in developing countries. These cities are 
characterized by having informal commercial activities, which do not operate 
under the government’s regulations, leading to loss of natural areas (Dredge, 
1995). The purpose of this research is to better understand how urban territorial 
expansion impacts the regional climate in Mexico City.  
The present study is structured in the following form. The first chapter 
reviews the climate research conducted to date for the region of focus. Research 
questions posed are detailed in the second chapter. The following chapter 
explains data availability and methods used to examine the effects of 
urbanization in this region. The fifth chapter presents data analysis and results of 
the climate model sensitivity experiments. Finally, suggestions outlining 
recommendations for future work are proposed. 
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CHAPTER 2 
BACKGROUND LITERATURE 
Mexico is the eleventh most populated country in the world (INEGI, 2013). 
By the end of 2013, the country’s population reached 122.3 million inhabitants 
(World Bank, 2014). Its capital, Mexico City, registered a population of 20.4 
million inhabitants, similar to the population size of New York City.  Hence, both 
cities received the title of third most populated city in the world in 2014 (UN 
Department of Economic and Social Affairs Population Division, 2014). Mexico 
City Metropolitan Area (MCMA) is located in a closed mountain basin at an 
elevation of 2240 meters above sea level, 19° N latitude and 99° W longitude. 
High elevation surrounds MCMA and defines its topography (De Foy et al, 2005).  
MCMA climate is characterized as highland tropical (Jauregui, 1973). 
Three seasons govern the year: a wet season that starts in May and ends in 
October, a cool but dry season during the months of November to February and 
a warm dry season from March to April (Cui & De Foy, 2012, Jauregui, 1973). 
Temperature does not undergo considerable variability during the year, while the 
amount of precipitation varies largely because of regional orographic influences. 
Weak local winds from the northeast dominate the air circulation within the 
MCMA. During the dry months (November to April) mid latitude westerly winds 
prevail, which lead to the development of light winds and cloudy conditions. In 
contrast, moisture observed during the wet months (May to October) is provided 
by trade winds, which favors the conditions for the development of convective 
storms (Jauregui & Romales, 1996).   
 5 
Suppressed local circulation is not sufficiently persistent to expel the city’s 
pollutants from the basin, leading to increase frequency of poor air quality days 
(Jazcilevich et al, 2000). Topographically induced climate regulation influences 
micro-meteorological and mesoscale processes, with spatiotemporally explicit 
impacts on the region’s urban environments.  In order to understand these 
influences, this review focuses on the historical evolution of MCMA urbanization 
and associated climate research conducted to date. 
2.1 Historical Urbanization of Mexico City Metropolitan Area 
Tenochtitlan (today called Mexico City) was the capital of the ancient 
Aztec empire. It had a population of approximately 300,000 inhabitants before 
the Spanish colonization in the sixteenth century. The city might have been the 
largest populated area in the world at that time (Connolly, 2003). The Spanish 
colonizers modified the city’s size and structure until the time when Mexico 
became an independent nation in 1821. For instance, the main water supplies, 
which were constituted by a system of lakes (figure 1), were drained with the 
purpose of avoiding floods. The lakes Zumpango, Xaltocan, San Cristobal, 
Texcoco, Mexico, Xochimilco and Chalco were the main source for the practice 
of pre-Hispanic farming activities known as chinampas (Morehart, 2012). During 
the Spanish governance and after Mexico’s independence, the drainage of the 
lakes continued until the early twentieth century (Bradburry, 1971; Connolly, 
2003). Figure 1 presents a topographic reproduction of the hydraulic systems of 
the centuries XV, XVI, XVII and XVIII.   
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Figure 1 Mexico City ancient lakes map. Memoria de 
las Obras del Sistema Lacustre de Drenaje Profundo 
del Districto Federal, 1975, vol. IV 
 
After Mexico became an independent country, Mexico City as its capital 
experienced three waves of urbanization. The first started in the last decades of 
the nineteenth century and ended in the opening years of the twentieth century. 
City growth was the result of a modernization program crafted during Porfirio 
Diaz’s dictatorship, when labor opportunities became available for the Mexican 
citizens. The next wave occurred from 1910 to 1917, in the aftermath of the 
country’s revolution. During the final wave, from the late 1930s until the 1980s, 
the country became a manufacturer and supplier of goods. Moreover, during this 
time period, MCMA developed into an industrialized area for the production 
purposes of many companies (Connolly, 2003).  
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 As a result of these urbanization waves, MCMA has expanded beyond its 
sixteen municipalities (INEGI, 2010). By 1970, eleven municipalities that 
belonged to the neighbor state - State of Mexico - became part of the MCMA. In 
the first decade of the new century, fifty-eight towns of the State of Mexico were 
added to the metropolitan area, and one from the State of Hidalgo. In spite of this 
growth, the Mexican government has not officially defined the territory of MCMA. 
In terms of the historical land occupation of the MCMA, at the beginning of the 
past century, Mexico City occupied 23 square kilometers; in 1970 the city 
dimension grew to 683 square kilometers. By 1990 the metropolitan area 
expanded to more than 1295 square kilometers (Connolly, 2003). 
 The relentless and uninformed expansion of this metropolis has been 
blamed for the increase of slum areas, which started from the establishment of 
irregular settlements. Unfortunately, while more than 60% of this city’s population 
lives in these areas, these growing neighborhoods are located in regions that are 
inappropriate for dwelling (Dredge, 1995). However, the Mexican government 
has developed housing programs with the purpose of supporting and regulating 
those vicinities (Cornelius, 1969).   
2.2 Climate Research on Mexico City Metropolitan Area 
 As Mexico City has expanded, new urbanized areas have developed. 
These new areas grow at the expense of native vegetative land cover, which 
modify MCMA’s regional climate. Consequently, extensive research has 
addressed the development of micro and mesoscale meteorological influences in 
the city and its surrounding areas. These investigations have allowed scholars to 
 8 
fill a significant gap in the urban climatology literature of one of the largest global 
urban agglomerations.  
  MCMA has two climate regions and four climate sub-regions within the 
city. These climate zones were defined based on three weather indices: humidity, 
thunderstorms combined with fog, and low temperatures coupled with hail 
(Estrada, Arroyo, Eguiarte, Luyando and Gay, 2009). The definition of these 
heterogeneous climates depend on the elevation, land cover, the amount of 
particulate matter in the atmosphere and the presence of bodies of water 
(Estrada et al., 2009).  
 The atmospheric humidity, evaporation and precipitation in MCMA have 
changed after the metropolis’s fast expansion. Hence, research efforts have 
attempted to quantify these variations. For example, Jáuregui and Tejeda (1997) 
studied the seasonal and diurnal humidity variation for MCMA and the 
surrounding countryside. Results showed that during the nighttime in the wet 
season, the urban atmosphere was more humid. During the dry season, 
evapotranspiration decreased in both areas, and therefore humidity decreased 
as well. This decline resulted from the high levels of sensible heat flux (Jáuregui 
& Tejeda, 1997). Furthermore, during the rainy season, latent heat mainly 
dominated the energy balance for this location (Barradas, Tejeda-Martinez & 
Jáuregui, 1999).  
 Precipitation data availability, ranging from the third to the last decade of 
the twentieth century, demonstrated a change in precipitation patterns over 
MCMA. Jauregui and Romales (1996) noticed a positive convective precipitation 
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trend on a weather station located in the core of the city while a peripheral 
weather station did not display similar trends. In addition, an increase in the 
frequency of light showers occurred mostly in the late evening and early 
nighttime hours. Those findings allowed Jauregui and Rosales (1996) to suggest 
that MCMA precipitation has been altered due to urban expansion. Moreover, an 
assessment of pan evaporation (PE) data collected from sixteen urban and rural 
meteorological stations shows a direct relationship between urbanization, UHIs, 
and meteorological variables. First, higher levels of PE were found in the central 
and western parts of the city. Second, a reduction of PE in the eastern suburbs 
demonstrated that the presence of green areas had a positive effect of 
constraining the UHI effect. Finally, higher levels of insolation and wind speed 
were found to be responsible for intensification of pan evaporation levels (Ostos 
& Luyando, 1998).  
The thermal contrast between urban and surrounding rural areas depends 
on urban structure, pollutants emitted in the atmosphere, and anthropogenic heat 
(Oke, 1981). These elements, as discussed in the introduction, are present to 
varying degrees for all metropolitan areas. Jáuregui (1997) confirmed that such 
forcing agents were responsible for the development of a nocturnal UHI in 
MCMA. However, a recent study showed the nighttime UHI development 
depends primarily on the surface cooling effect (Cui and De Foy, 2012). For 
instance during the dry season, nighttime UHIs reached its maximum (up to 10 
°C) while during the daytime the UHI was negative. Oke et al. (1992) described 
this as an oasis effect (Oke, Zeuner & Jauregui, 1992). Georgescu et al. (2011) 
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modeled the same behavior for the semi-arid region of Phoenix, Arizona. The 
primary mechanism driving this impact was due to the release of daytime 
absorbed solar energy stored within the urban infrastructure, thereby preventing 
the normal evening and nighttime natural cooling that would have taken place 
otherwise. Furthermore, it was mainly found that sensible heat predominates the 
energy balance during the dry season while evaporation was relatively 
suppressed due to MCMA’s building design (Oke, Spronken-Smith, Jáuregui & 
Grimmond, 1999). Jáuregui’s results showed that a greater UHI effect occurred 
during the dry season more frequently than any other time of the year (Jáuregui, 
1997). 
The presence of green spaces is fundamental in defining the climate of a 
metropolitan area, including MCMA. Jazcilevich, Fuente, Jauregui & Luna (2000) 
demonstrated in their three meteorological simulation cases (two represented 
1921 and one was for 1991) that momentum, heat, moisture and solar radiation 
varied as a result of the urban expansion over rural areas (Jazcilevich et al, 
2000). Other research found that the presence of green areas within the 
metropolitan area had a positive effect of constraining the UHI effect (Ostos et 
al., 1998). Cui and De Foy (2012) revealed that daytime UHI behavior depended 
on the difference in the amount of existing vegetation within the urban area 
relative to its surroundings. Historical meteorological records previously 
confirmed the replacement of natural bodies of water with urban infrastructure led 
to an increase in the city’s temperatures (Jazcilevich et al., 2000). 
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López-Espinoza, Zavala-Hidalgo and Gómez-Ramos (2012) found in their 
numerical simulations for central Mexico for July 2010, the significance of 
employing the most accurate land cover data in a numerical climate model (i.e. 
Weather Research and Forecasting model) when calculating maximum and 
minimum temperatures. The authors demonstrated that simulated temperatures 
from two different data sets such as the Global Land Cover Characteristics 
(GLCC) database developed by the United States Geological Survey (USGS) 
and the geostatistical framework representation of Mexico developed by Instituto 
Nacional de Geografia, Estadistica e Informatica (INEGI, Mexican Institute of 
Geography, Statistics and Information Technology) displayed variations on the 
calculated temperatures by the model. The difference of the simulated 
temperatures is the result of the reclassification of the land cover of the eight 
stations defined on this study. Furthermore, greater temperatures were estimated 
in WRF when INEGI’s data set was employed. Although this study highlights the 
fast urban expansion in central Mexico, it does not validate the performance of 
the model through comparison of the calculated temperatures with observed 
temperatures from weather stations.  
2.3 Air Quality and Anthropogenic Heating 
Anthropogenic heat emissions resulting from human activities have an 
important impact on the urban climate. Chow et al. (2014) found that vehicular 
emissions, human metabolism and discarded heat produced by air conditioners 
influenced the development of the UHI in Phoenix, AZ. In MCMA, high ozone 
concentrations and aerosol pollution are widely found in the region’s atmosphere.  
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These pollutants resulted from high population density and industrial 
activities (Molina & Molina, 2002). Furthermore, these air pollutants have 
remained in the atmosphere and allowed for the development of a smog layer 
over the metropolitan area. This layer has altered the city’s solar radiation and 
temperature pattern beyond the city limits (Jauregui & Luyando, 1999). 
Specifically, during the daytime the northern and central areas of MCMA have 
reported warmer temperatures, while the southern parts reported decreasing 
temperatures (Jauregui & Luyando, 1999).  
Climatic and geographical features also influence the quality of the air. 
However, the chemical composition of the atmosphere is susceptible to further 
modification from pollutant deposition and anthropogenic activities. For instance 
in 2012, nearly five million registered vehicles circulated in Mexico City (INEGI, 
2013). This number does not include non-registered vehicles, nor does it include 
vehicles from the larger metropolitan area. MCMA has not been able to satisfy 
the air quality standards mandated by the World Health Organization, which 
states that human beings should not be exposed to more than 100 micrograms 
per cubic meter of airborne particles in a period of eight hours.  In 2005 MCMA 
exceeded particulate matter emissions standards by almost 80% (Davis, 2008).  
Mexico City’s effort to improve its air quality has not been very successful, 
in spite of programs such as Hoy No Circula (English translation: Today you are 
not to drive). This program was implemented in 1989, with the purpose of 
defining which vehicles are not allowed to circulate between 5 am and 10 pm 
Monday to Friday (Davis, 2008). This assignment is based on the last digit of the 
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vehicle’s license plate and the sticker color of the plate (Hoy No Circular, 2009). 
Recently, the program has extended its application to Saturdays. The program 
exempts commercial vehicles, automobiles used by public officers, and vehicles 
for public transportation (Secretaria del Medio Ambiente, n.d.). Davis (2008) 
analyzed hourly measurements of MCMA air pollution, and found that the air 
quality did not improve after the program’s implementation. Furthermore, the 
program induced an increase in the number of vehicles per capita when the 
citizens chose to buy another automobile with a different plate in order to be able 
to drive on all weekdays. Additionally, some of those new vehicular acquisitions 
produced higher levels of pollution since they were second hand cars. Contrary 
to the program’s expectation, the program did not succeed since the demand for 
public transportation did not increase (Davis, 2008).   
Here the anthropogenic heating is considered while assessing MCMA’s 
relentless urban expansion, accounting for the high volume of waste heat 
produced by traffic and manufacturing activities that take place in the area. 
2.4 Research Questions 
 The purpose of this research is to contribute to the body of knowledge 
regarding the impact of land use and land cover (LULC) on a tropical mountain 
climate in the fastest growing metropolitan area in Latin America and one of the 
largest global agglomerations. Particular focus is paid to impacts due to historical 
urbanization, as the review of research conducted on MCMA to date shows a 
glaring gap on quantifying the effects of historical urbanization on the region’s 
climate. Additionally, it is necessary to justify how a regional climate model 
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accurately represents the climate of the area from a landscape forcing 
perspective. For these reasons, the following research questions are posed: 
• To what degree does the development of a three class urban classification 
(as compared to a single class urban classification) accurately represent 
MCMA regional climate? 
• To what degree does the effect of anthropogenic heating influence MCMA 
regional climate? 
• To what degree does urban-induced landscape modification influence the 
hydroclimate of MCMA during the warm dry and warm wet months of April 
through July of 2008? 
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CHAPTER 3 
METHODOLOGY 
The purpose of this chapter is to describe the process, data and methodological 
techniques that will be used for answering the research questions stated above. 
In order to provide a detailed methodological description, this chapter is divided 
into four parts.  First, the area of the study is defined, followed by a justification of 
the time scale of analysis. Then, a description of how the collected data will be 
employed in this research study will be presented. Finally, a description of the 
regional climate model employed in this study is explained.  
3.1 Area of the Study  
       The MCMA is situated in the center of Mexico’s territory. It lies in a basin 
2240 m above sea level and is surrounded by high mountains (Cui & De Foy, 
2012). The Ajusco Volcano, situated at an elevation 3930 meters above sea 
level, is located toward the southwest of MCMA. Three mountain barriers are 
found to the east of the MCMA: the active volcano Popocatépetl, whose highest 
point is 5465 m, the Mexican Plateau, and the Sierra de Guadalupe which form a 
barrier of 800 m (De Foy et al, 2005). The Sierra Madre Oriental mountain chain 
is located at the northeast of the basin, while the northwest and west of the basin 
are limited by the Sierra Madre Occidental mountain chain. MCMA’s geographic 
coordinates locate the metropolis at a latitude of 19°25’ N and a longitude of 
99°10’ W (Molina & Molina, 2004).  In 2010, MCMA extended over a surface area 
of 7866.1 𝑘𝑚! (CONAPO, 2013).  
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3.2 Evaluation of Mexico City’s Regional Climate 
An assessment of Mexico City’s regional climate requires the selection of 
the most representative warm months within a year, which will be used to answer 
the research questions presented for this study.  Figure 3 shows the location of 
Tacubaya Observatory (TO) and Benito Juarez Airport (BJA) located in Mexico 
City. Tacubaya station is located 4 km west of Mexico City downtown and Benito 
Juarez airport is located 13 km east of MCMA core. Servicio Meteorologico 
Nacional (SMN, Mexican Weather Service) administers these weather stations. 
Figure 2. Mexico City map 
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Figure 3. Location of Servicio Meteorologico Nacional (Mexican Weather 
Service) weather stations: Benito Juarez Mexico City Airport and Tacubaya 
Observatory, considered for MCMA’s regional climate evaluation. 
 
Benito	  Juarez	  Mexico	  City	  
Airport 
Tacubaya	  	  Observatory 
 18 
 
Figure 4. a) Mean maximum monthly temperature, b) mean minimum monthly 
temperature and c) monthly precipitation from 1980 – 2010 (1990 is not included), 
d) 30 years normal mean maximum monthly temperature, e) 30 years normal 
mean minimum monthly temperature and f) 30 years normal mean temperature 
(1990 is not included) Tacubaya Station. 
 
Figure 4 displays seasonal air temperature and seasonal precipitation at 
Tacubaya Observatory. Figures 4a and 4b show mean maximum and minimum 
temperature from 1980 to 2010 (data from 1990 was not available for this 
analysis). Figure 4c represents the seasonal precipitation recorded by SMN, 
illustrating that most of the precipitation fell during the wet season, which starts 
on May and ends in October. Cold (November - February) and warm dry months 
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(March and April) reported a mean of 13.44 mm, while the minimum mean 
precipitation was 5.72 mm per month.  
Figure 4 (d - f) displays the seasonal climate evolution of temperature for 
the following 30-year periods: 1960-1989, 1970-2000 and 1980-2010. Data from 
1990 was not available for the analysis.  Figure 4d shows mean maximum 
temperature in 1960-1989 of 23.56 °C, in 1970-2000 as 23.86 °C and in1980-
2010 as 24.18 °C, thereby displaying a slight warming trend each subsequent 
decade. The following figure (i.e., 4e) displays mean minimum temperatures in 
1960-1989 as 10.10 °C, in 1970-2000 as 10.66 °C and in 1980-2010 as 11.11 
°C. Lastly, figure 4f shows that the mean temperature in TO for 1960-1989 was 
16.83 °C, in 1970-2000 17.26 °C and in 1980-2010 as 17.64°C. 
The greatest mean maximum temperatures in the three periods were 
found in April and May, months that correspond to the transition from warm dry 
to warm wet season. Mean minimum temperatures in 1980-2010 were 4 % 
warmer than 1970-2000 and 10% greater than 1960-1989, potentially reflecting 
the combined influence of urban expansion and large-scale climate change. The 
greatest minimum temperatures were reported for the months of June and July, 
13.52 °C and 13.32 °C respectively. Overall, the highest mean temperatures for 
the three periods were found in May, which in 1960-1989 had a mean 
temperature of 19.39 °C, in 1970-2000 as 19.75 °C and in 1989-2010 as 20.11 
°C.  April is the second warmest month on the year. April mean temperatures in 
1960-1989 were 18.9 °C, in 1970-2000 temperatures were 19.36 °C and in 
1980-2010 20.11 °C.   
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Figure 5. Comparison of mean maximum annual temperature from 1980 – 2010 
Tacubaya Observatory and Benito Juarez Mexico City Airport (breaks in the 
contours illustrate missing years due to unavailability of data and are therefore 
excluded).  
 
Figure 5 shows a comparison of mean maximum annual temperature of 
the two stations for the years 1980-2010. The mean maximum annual 
temperature in TO was 24.1 °C while at BJA it was 24.5 °C. In 2008, TO 
reported a mean maximum temperature of 24.8°C while BJA had a mean 
maximum temperature of 24.61°C. 
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Figure 6. Comparison of mean minimum annual temperature from 1980 – 2010 
Tacubaya Observatory and Benito Juarez Mexico City Airport.  
 
A comparison of mean minimum annual temperatures from 1980-2010 in 
TO and BJA is presented in figure 5. Mean minimum temperature corresponding 
to the thirty year period at TO was 11.12 °C while at BJA it was 10.50 °C. 
Figure 6a shows TO had a mean minimum temperature of 10.58 °C 
in 2008. In figure 6b, BJA reported a mean minimum temperature of 10.62 
°C. 
 
Figure 7. Comparison of mean annual precipitation from 1980 – 2010 
Tacubaya Observatory and Benito Juarez Mexico City Airport.  
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Figure 7 compares mean annual precipitation for the thirty years 
corresponding to 1980-2010 in TO as 2.34 mm and in BJA as 0.68 mm. Figure 
7a displays that TO recorded an average 1.84 mm of precipitation in 2008 while 
BJA captured an average 1.8 mm of precipitation on the same year. 
3.3 Data Collection 
The Servicio Meteorologico National (SMN) is the Mexican Meteorological 
Institution responsible for providing accurate meteorological information to 
Mexican citizens in a timely manner. The institute’s objectives are to observe the 
atmosphere’s condition in order to provide the official forecast for Mexico’s 
weather, and to conduct meteorological and climatological studies. By 
accomplishing its objectives, SMN is able to track weather phenomena and 
inform the population of possible natural hazard events that may place people in 
danger. In addition, SMN analyzes observed weather data in order to produce 
climate reports that are available to the users.  
  For this study, SMN has provided observed meteorological data that are 
necessary to answer the proposed research questions discussed previously. 
Observed meteorological data from twelve automatic weather stations, which are 
located throughout MCMA are included (see Table 1 for description of station 
name and location, and data availability). Mexico City and neighboring states 
map shows the geographic location of those six SMN’s weather stations (see 
Figure 8). 
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Figure 8. Location of SMN automatic weather stations considered for the 
study. The map shows state boundary lines. 
 
State Automatic Weather Station Name 
Latitude 
°N 
Longitude 
°W 
Altitud
e 
(masl) 
Mexico 
City 
Escuela Nacional de 
Ciencias Biológicas 
(ENCB1) 
19°27'13" 99°10'16" 
 
2389 
Mexico 
City 
Tezontle 19°23'07" 99°05'59" 2358 
State of 
Mexico 
Presa Madín 19º31'28" 99°16'05" 2364 
State of 
Mexico 
Cemcas 19°28'47" 98°58'25" 
 
2176 
Mexico 
City 
Escuela Nacional de 
Ciencias Biológicas II 
(ENCB2) 
19°29'55" 99°08'43" 2240 
Mexico 
City 
Ecoguardas 19°16'17" 99°12'14" 2200 
 
Table 1 Name, geographic position, and altitude of the automatic weather 
stations considered for the study. 
 
 24 
Electric and mechanical instruments constitute the SMN’s automatic 
weather stations. The sensors of those instruments measure the following 
weather variables: air temperature, relative humidity, wind speed, wind direction, 
solar radiation, atmospheric pressure and precipitation in Coordinated Universal 
Time. SMN defines air temperature as the arithmetic mean of ten-minute 
temperature measurements where each temperature was recorded every minute 
and its unit of measurement is Celsius degrees (°C).  In addition, precipitation 
refers to the layer of accumulated precipitation captured in a time frame of ten 
minutes, in units of millimeters (mm) (Comision Nacional del Agua - Servicio 
Meteorologico Nacional). 
3.4 Regional Climate Model Used: WRF-ARW 
The weather data available for this study (shown in Table I) was subject to 
a statistical analysis. In this stage, data for each automatic weather station was 
used to calculate the mean hourly air temperature and precipitation. This analysis 
was used to characterize daily, seasonal and the yearly evolution of varying 
weather parameters. Moreover, it will demonstrate the presence of local 
microclimates specific to certain parts of the metropolitan area. In addition, this 
analysis provides a deeper understanding of the influence of high-density 
population areas of MCMA on the regional climate.   
To answer the research questions, a numerical weather prediction model 
capable of simulating the interaction between surface and atmospheric 
conditions for a given geographic location was used in this study. The advanced 
research version of Weather Research and Forecasting (WRF) numerical model 
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version 3.6 was employed (Skamarock et al., 2008). It was developed primarily 
by the National Center for Atmospheric Research and NOAA's National Centers 
for Environmental Prediction, US Government agencies and universities 
(Skamarock et al., 2008).  The use of WRF’s dynamic solver Advanced Research 
WRF (ARW) is widely utilized by the scientific community since its simulations 
providethe solution of the governing differential equations describing atmospheric 
flow (Skamarock et al., 2008). 
WRF-ARW incorporates physics schemes, dynamics options, initialization 
procedures and a data assimilation package (Skamarock et al., 2008). In this 
study, the surface boundary conditions that WRF uses to simulate meteorology 
and climate are based upon a satellite data available from the Moderate 
Resolution Imaging Spectroradiometer (MODIS). MODIS provides atmospheric 
and earth surface images (i.e. land and bodies of water). This data is obtained 
from the two orbital satellites: Terra and Aqua. These satellites circle the Earth by 
passing from north to south, and south to north over the equator (NASA, n.d.).  
3.4.1 Model Set Up: Domains and Landscape Representation 
The advanced research version of WRF-ARW incorporates the different 
LULC scenarios.  Four nested grids and one-way nesting were utilized. The grid 
cell resolutions are 75, 15, 3 and 1 km, with 56 x 56, 81 x 81, 96 x 96, 178 x 163 
cells for domains 1, 2, 3 and 4 respectively. Figure 9 shows the nested grids 
defined for MCMA in the model. The first six days of each simulation are 
discarded since they are classified as a spin up time. The effective simulation 
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time starts on April 1st and lasts through July 30th of 2008. Detailed information 
regarding the experiment design is listed in table 2. 
 
Figure	  9.	  WRF	  domains	  1,	  2,	  3	  and	  4	  displayed	  in	  a	  map	  of	  Mexico	  and	  Central	  America.	  
 
Research Questions Experiment 
Name 
Description of 
Experiment 
Analysis Time 
To what degree does the 
development of a three 
class urban classification 
(as compared to a single 
class urbanclassification) 
accurately represent 
MCMA regional climate? 
Control Default 
Everything as default (1 
urban class, default urban 
fraction) 
April 1
st
 to  
July 30
th
 2008 
Control 3Urban 
As Control Default but 
with 3 classes (high, low 
residential and industrial) 
for urban characterization 
April 1
st
 to  
July 30
th
 2008 
To what degree does the 
effect of anthropogenic 
heating influence MCMA 
regional climate? 
Control 3 
Urban AH 
As Control 3 Urban but 
with default 
anthropogenic heating 
(max 90 Wm
-2
) 
April 1
st
 to  
July 31
st
 2008 Control 3 
Urban Full 
As Control 3 Urban but 
with realistic 
anthropogenic heating 
(max 45 Wm
-2
) and  3-
class urban  
April 1
st
 to  
July 30
th
 2008 
 
To what degree does the 
urban-induced andscape 
modification influence 
the hydroclimate of 
MCMA during warm dry 
and warm wet months of 
April through July? 
 
Pre-settlement 
Potential Vegetation land 
cover with ancient Lake 
Texcoco 
April 1
st
 to  
July 30
th
 
2008 
T    Table 2 Naming convention of experiments 
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The Control Default experiment is an assessment of a warm dry month 
and warm wet months of April through July. We will use the default MODIS + 
Lake data of its 20 category landscape categorization to represent land cover 
characteristics (see figure 9). The results of this simulation will be evaluated 
against the automatic weather observational data available for this study. This 
comparison will be based on the statistical analysis of the SMN weather stations 
data from the identical period of time (i.e. warmest months, year 2008). 
          
Figure 10. Map of Mexico City, one class category (Control Default 
simulation) 
  
The Control 3Urban experiment is a WRF-ARW simulation of the warmest 
months, April through July 2008 (same years as Control Default). In this 
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numerical experiment, the default MODIS urban data will be modified with a 
multi-tiered representation of MCMA urban landscape. The MODIS data for the 
urban land cover for locations outside of the United States classifies cities withi a 
single urban category, without recognition of differential urban density (e.g., low 
intensity residential category). In order to answer the first research question of 
this study, it is necessary to identify these particular urban characteristics that 
exist within MCMA. The methodology employed by the National Land Cover Data 
(NLCD) classification for urban areas is used to develop an alternate 
classification to the MODIS land use land cover of MCMA (figure 9), based on 
Landsat data. NLCD categorizes urban land cover in three areas: low intensity 
residential, high intensity residential and commercial/industrial and transportation 
(Fry et al., 2011). The classification of the urban areas is based on the percent 
impervious surface and percent tree canopy cover in each pixel. 
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Figure 11. Map of Mexico City, three urban class category defined for 
Control 3Urban, 3UrbanAH and 3UrbanFull simulations. 
 
Table 3 displays a detailed description of the land use land cover (LULC) 
classification for each of the six SMN weather stations. In addition, the change 
of land cover using Landsat data is characterized after incorporating the multi-
tiered classification of MCMA current environment. Three of the stations 
undergo a change from one land use and land cover type to another, while one 
of the stations remains urban, but undergoes a density change. The land use 
and land cover corresponding to two of the stations remains unaltered.  
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Table 3. LULC Classification for SMN weather stations (One urban class vs 3 
urban classification) 
 
The Control 3UrbanAH is an experiment of the warmest months of April 
through July 2008 (same dates as previous simulations) in which a derived 3 
class urban representation developed by the use of remote sensing techniques is 
considered. Additionally, a maximum anthropogenic heating of 90 W/m2 is 
defined. Control 3UrbanFull experiment is similar to Control 3UrbanAH except 
that a more realistic QF diurnal cycle maximum of 45 W/m2 on the diurnal cycle, 
which is reached during the late afternoon, is included (i.e., the imposed diurnal 
cycle profile of AH is reduced by half relative to the previous sensitivity 
experiment). For this thesis, QF observed values were not available. Therefore, a 
maximum QF of 45 W/m2 was deemed reasonable and utilized, and is in 
agreement with the anthropogenic heating profiles for urban areas in the United 
States (Sailor and Lu, 2004). 
Land	  Use	  Land	  Cover	  Classification	  of	  SMN	  weather	  stations	  for	  Single	  Urban	  
and	  3	  Urban	  Classifications	  
Station	  
Name	   
Latitude	  
(°) 
Longitude	  
(°) 
	  	  	  	  	  	  One	  Urban	  	  	  	  	  	  	  	  
Class 
Three	  Urban	  
	  Class 
ENCB1 19.4536 -­‐99.1704 Urban	  high	  density Urban	  high	  density 
ENCB2 19.4986 -­‐99.1452 Urban	  high	  density Urban	  medium	  
density 
CEMCAS 19.4797 -­‐98.9736 Water Shrubland 
Ecoguardas 19.2713 -­‐99.2038 Croplands Urban	  low	  
intensity 
Presa	  
Madin 
19.5244 -­‐99.268 Urban	  High	  density Shrubland 
Tezontle 19.3852 -­‐99.0997 Urban	  High	  density Urban	  high	  density 
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The pre-settlement experiment is a numerical weather simulation of the 
warmest months, April through July 2008 (same years as all preceding 
simulations). In this numerical experiment, a land cover that predominated in 
MCMA before any human settlement replaces the default MODIS urban 
classification. This experiment allows for characterization of the temperature, 
energy and radiation balance of MCMA without the influence of urbanization on 
the natural landscape. The current land-cover data on grid 4 was derived from 
NASA’s 500 m horizontal resolution MODIS land-cover type product (MODIS 
MCD12Q1).  To determine the pre-settlement land cover, we used the potential 
vegetation data set developed by Ramankutty and Foley (1999). This remote 
sensing data set results from a reconstruction of the changes in the worldwide 
croplands from the XVIII to XX centuries, in which the natural landscape was 
transformed to agriculture land (Ramankutty and Foley, 1999). 
Within the natural land cover types, the dominant types are grassland, 
savanna, dense and open shrublands and tropical deciduous forest. Analysis of 
USGS Landsat imagery at 30-meter resolution indicated woody savannas are 
associated with higher elevation and the mountain slopes around Mexico City. 
Spatially, the dominant land cover type right along the edges of the urban extent 
was evergreen/deciduous mixed forest. Furthermore, the literature (Bradbury, 
1971; Morehart, 2012) indicated that during pre-Hispanic time, a large area of the 
current urban extent was covered by a series of lakes (figure 1), the largest 
among them was Lake Texcoco. Figure 12 shows the land cover representation 
for the pre-settlement scenario, which illustrates the potential vegetation land 
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cover suggested by Ramankutty and Foley (1999). The extent of the ancient 
lakes was overlaid on the potential vegetation land cover representation and 
used as surface boundary conditions for the numerical experiments. This pre-
settlement land cover is crucial to understand the impacts of land cover change 
on MCMA’s regional climate and its implications on the surface energy balance.  
 
 
Figure 12. Mexico City’s pre-settlement map. 	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CHAPTER 4 
DATA ANALYSIS AND RESULTS 
The following section discusses the results obtained from the numerical 
simulations described in the preliminary section. The purpose of this chapter is to 
answer the research questions defined for this study. This section is structured in 
two parts. The first part evaluates the simulated temperatures from each of the 
defined numerical experiments utilizing the contemporary urban landscape 
representation. Emphasis is placed on selection of the most representative 
simulation that most closely resembles atmospheric conditions of MCMA. This 
leads to part two, which includes an examination of current and pre-historic 
regional climate conditions. Furthermore, it reveals the magnitude of the urban-
induced landscape change for the MCMA region during the warm months of April 
through July of 2008. 
4.1 Model Evaluation 
 Table 4 compares the calculated average temperatures of each LULC 
scenarios defined as control experiments. Based on the calculated absolute bias 
five of the six stations reduced their absolute bias from the Control Default 
experiment to Control 3UrbanFull experiment. This indicates that WRF simulated 
temperatures were more accurate with the multi-tier classification and improved 
landscape characterization. Specifically those corrections were seen on the 
urban stations: ENCB1, ENCB2, Ecoguardas and Tezontle. While the stations 
located outside of the urban area, only one location (i.e. CEMCAS) reported the 
greatest improvement after considering a reclassification of the LULC. 
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 The most evident impacts are seen when comparing the Control Defaults 
and Control 3 Urban experiment. Only slight changes of improvement on the 
simulated average weather temperatures were evident on Control 3UrbanAH and 
Control 3UrbanFull experiments. For instance, a change from a negative to a 
warming bias was found on ENCB1, ENCB2 and Tezontle stations. CEMCAS 
station shows a positive warm bias after being reclassified from water to 
shrubland. Furthermore, the greatest bias reduction on all the experiments was 
found on CEMCAS station. Calculated diurnal temperature profiles of the control 
3 urban experiment and afterwards coincide with the observed diurnal 
temperature profiles (figure 17). The reduction of the absolute bias from Control 
Default to Control 3Urban Full was found in five of the six stations (i.e. ENCB1, 
ENCB2, CEMCAS, Tezontle and Ecoguardas). Furthermore, this reduction was 
due to the re-classification of LULC where a correction of the Lake Texcoco 
extension was implemented (see table 3).  
Diurnal Range calculated by WRF for ENB1, ENCB2, CEMCAS and 
Tezontle improved after the re-classification of the underlying land cover.  The 
calculated daily range on Control 3 Urban Full experiment demonstrated that 
temperature ranges were closer to the observed daily range. Although, 
Ecoguardas and Presa Madin that did not improve. Ecoguardas station is a 
natural forest park situated at the southwest of Mexico City, in the Tlalpan 
District. This station and Presa Madin, which is situated 2364 masl, display a 
cooling bias before and after the urban classification. Moreover, the results from 
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the model suggest that those stations presented slightly cooler temperatures 
than the observed values.  
Control 3Urban Full experiment, which considers a maximum 
anthropogenic heating value of 45 W/m2, indicates that temperatures were highly 
correlated temperatures between the observed and the simulated values. Five of 
the six stations have correlation coefficient values greater than 0.98, except for 
Ecoguardas station for which observed and simulated temperatures have a 
correlation of close to 0.95. Overall, simulated average temperatures were less 
than a half of a degree Celsius above or below than that reported by SMN. 
Except for the two stations located outside of Mexico City (i.e. CEMCAS and 
Presa Madin). CEMCAS, which is the station located closer to Lake Texcoco, 
was one degree warmer, while the average temperature simulated for Presa 
Madin was less than one degree than the average observed temperature.  
Figures 13 through 16 display mean diurnal temperature profile for each of 
the defined control simulations. Those profiles are compared with the mean 
observed temperatures. The statistical analysis demonstrates that the Control 
3UrbanFull experiment is the most representative and best exemplifies the 
thermal conditions of MCMA during the warm months of April through July 2008. 
Therefore, this experiment will be employed to evaluate the impacts of 
urbanization on MCMA’s regional climate. 
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Table	  4.	  a)	  Control	  Default:	  Daily	  maximum	  and	  minimum	  temperature	  comparison	  
between	  WRF	  simulated	  control	  default	  experiment	  and	  automatic	  weather	  stations	  
observations	  for	  April	  1	  to	  July	  30	  2008,	  b)	  as	  a)	  but	  for	  Control	  3	  Urban,	  c)	  as	  b)	  but	  for	  
Control	  3Urban	  AH,	  d)	  as	  c)	  but	  for	  Control	  3UrbanFull.	  
 
 
 
 
 
 
 
b)#Control#3#Urban#
Sta.on#Name## La.tude#(°)# Longitude#(°)#
WRF#AMJJ#average#
temperature#(°C)#
Sta.on#AMJJ#
average#
temperature#(°C)#
Correla.on#
Coefficient# RMSE#
Simulated#
mean#daily#
minimum##
(°C)#
Observed#
mean#daily#
minimum##
(°C)#
Simluated#
mean#daily#
maximum##
(°C)#
Observed#
mean#daily#
maximum##
(°C)#
Daily#Range#
Simulated##
(°C)#
Daily#Range#
Observed##
(°C)#
ENCB1# 19.4536( 99.1704( 19.0587((-.1899)( 19.2486( 0.997717( 0.0305117( 11.4527( 14.2293( 25.8625( 23.3592( 14.4098( 9.1299(
ENCB2## 19.4986( 99.1452( 18.9221((-0.3245)( 19.2466( 0.991122( 1.16838( 11.2246( 12.9562( 25.73( 24.3469( 14.5054( 11.3907(
CEMCAS# 19.4797( 98.9736( 19.4204((+0.9944)( 18.426( 0.984204( 1.23177( 12.6729( 11.3141( 26.0133( 24.629( 13.3404( 13.3149(
Ecoguardas# 19.2713( 99.2038( 16.8668(((-0.6031)( 17.4699( 0.954706( 1.31577( 11.6392( 11.4192( 21.9747( 22.7129( 10.3355( 11.2937(
Presa#Madin# 19.5244( 99.268( 17.3547((-0.4813)( 17.836( 0.982796( 1.01777( 9.95629( 10.7429( 24.2599( 23.6448( 14.30361( 12.9019(
Tezontle# 19.3852( 99.0997( 19.3127((-0.3801)( 19.6928( 0.9856( 1.63254( 11.64( 14.5129( 26.0243( 23.9936( 14.3843( 9.4807(
All#Sta.ons# ( ( 18.4892((-0.1641)( 18.6533( 0.985871( 0.961195( 11.431( 12.5291( 24.9774( 23.7728( 13.5464( 11.2437(
c)#Control#3Urban#AH#
Sta.on#Name## La.tude#(°)# Longitude#(°)# WRF#AMJJ#average#temperature#(°C)#
Sta.on#AMJJ#
average#
temperature#(°C)#
Correla.on#
Coefficient# RMSE#
Simulated#
mean#daily#
minimum##
(°C)#
Observed#
mean#daily#
minimum##
(°C)#
Simluated#
mean#daily#
maximum##
(°C)#
Observed#
mean#daily#
maximum##
(°C)#
Daily#Range#
Simulated##
(°C)#
Daily#Range#
Observed##
(°C)#
ENCB1# 19.4536( 99.1704( 19.5566((+0.308)( 19.2486( 0.998155( 0.0291168( 12.0356( 14.2293( 26.1375( 23.3592( 14.1019( 9.1299(
ENCB2# 19.4986( 99.1452( 19.3644((+0.4258)( 19.2466( 0.993754( 1.02368( 11.7368( 12.9562( 26.0591( 24.3469( 14.3223( 11.3907(
CEMCAS# 19.4797( 98.9736( 19.5525(((+1.1264)( 18.4261( 0.987575( 1.28178( 12.744( 11.3141( 26.0086( 24.629( 13.2646( 13.3149(
Ecoguardas# 19.2713( 99.2038( 17.2659((-0.204)( 17.4699( 0.966203( 1.06665( 12.1001( 11.4192( 22.3082( 22.7129( 10.2081( 11.2937(
Presa#Madin# 19.5244( 99.268( 17.5561((-0.279)( 17.836( 0.986602( 0.865037( 10.1375( 10.7429( 24.5669( 23.6448( 14.4294( 12.9019(
Tezontle# 19.3852( 99.0997( 19.7381(((+0.0453)( 19.6928( 0.992563( 1.4338( 12.0894( 14.5129( 26.3972( 23.9936( 14.3078( 9.4807(
All#Sta.ons# ( ( 18.8389((+0.1856)( 18.6533( 0.990387( 0.851649( 11.8072( 12.5291( 25.2463( 23.7728( 13.4391( 11.2437(
d)#Control#3Urban#Full#
Sta.on#Name## La.tude#(°)# Longitude#(°)# WRF#AMJJ#average#temperature#(°C)#
Sta.on#AMJJ#
average#
temperature#(°C)#
Correla.on#
Coefficient# RMSE#
Simulated#
mean#daily#
minimum##
(°C)#
Observed#
mean#daily#
minimum##
(°C)#
Simluated#
mean#daily#
maximum##
(°C)#
Observed#
mean#daily#
maximum##
(°C)#
Daily#Range#
Simulated##
(°C)#
Daily#Range#
Observed##
(°C)#
ENCB1# 19.4536( 99.1704( 19.4942((+0.2456)( 19.2486( 0.998013( 0.0267611( 12.2477( 14.2293( 26.0788( 23.3592( 13.8311( 9.1299(
ENCB2# 19.4986( 99.1452( 19.2705((+0.0239)( 19.2466( 0.992659( 0.967334( 11.7992( 12.9562( 25.8476( 24.3469( 14.0484( 11.3907(
CEMCAS# 19.4797( 98.9736( 19.5071((+1.0811)( 18.426( 0.987091( 1.25435( 12.6598( 11.3141( 26.086( 24.629( 13.4262( 13.3149(
Ecoguardas## 19.2713( 99.2038( 17.3191((-0.1508)( 17.4699( 0.94998( 1.28811( 12.7672( 11.4192( 22.2164( 22.7129( 9.4492( 11.2937(
Presa#Madin## 19.5244( 99.268( 17.0419((-0.7941)( 17.836( 0.98944( 1.19871( 9.17317( 10.7429( 24.3702( 23.6448( 15.19703( 12.9019(
Tezontle# 19.3852( 99.0997( 19.7127((+0.0199)( 19.6928( 0.988963( 1.35801( 12.302( 14.5129( 26.2516( 23.9936( 13.9496( 9.4807(
All#Sta.ons# ( ( 18.7243((+0.071)( 18.6533( 0.98865( 0.842436( 11.8248( 12.5291( 25.1337( 23.7728( 13.3089( 11.2437(
a)#Control#Default#
Sta.on#Name## La.tude#(°)#
Longitude#
(°)#
WRF#AMJJ#
average#
temperature#(°C)#
Sta.on#AMJJ#
average#
temperature#(°C)#
Correla.on#
Coefficient# RMSE#
Simulated#
mean#daily#
minimum##
(°C)#
Observed#
mean#daily#
minimum##
(°C)#
Simluated#
mean#daily#
maximum##
(°C)#
Observed#
mean#daily#
maximum##
(°C)#
Daily#Range#
Simulated##
(°C)#
Daily#Range#
Observed##
(°C)#
ENCB1( 19.4536( 99.1704( 18.5954((-0.6532)( 19.2486( 0.985716( 0.0395236( 10.4135( 14.2293( 25.7622( 23.3592( 15.3487( 9.1299(
ENCB2(( 19.4986( 99.1452( 18.5887((-0.6579)( 19.2466( 0.99268( 1.54111( 10.3317( 12.9562( 25.8258( 24.3469( 15.4941( 11.3907(
CEMCAS( 19.4797( 98.9736( 21.695((+3.2735)( 18.426( 0.888722( 3.92473( 17.4655( 11.3141( 25.6691( 24.629( 8.2036( 13.3149(
Ecoguardas((( 19.2713( 99.2038( 16.3755((-1.0944)( 17.4699( 0.97387( 1.37688( 11.3779( 11.4192( 21.775( 22.7129( 10.3971( 11.2937(
Presa(Madin( 19.5244( 99.268( 17.7887((-0.0473)( 17.836( 0.978206( 0.938215( 10.7315( 10.7429( 24.6293( 23.6448( 13.8978( 12.9019(
Tezontle(( 19.3852( 99.0997( 18.7875((-0.9093)( 19.6928( 0.987732( 2.18188( 10.2603( 14.5129( 26.166( 23.9936( 15.9057( 9.4807(
All(StaHons( ( ( 18.6385((-0.0148)( 18.6533( 0.985013( 0.874525( 11.7996( 12.5291( 24.9712( 23.7728( 13.1716( 11.2437(
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Figure 13 WRF-simulated time series of diurnally averaged 2-meter air 
temperature difference (°C), averaged across AMJJ 2008 for each SMN 
station between WRF Control Default (red solid contour), observed 
temperature (green solid contour). Dashed colored lines represent 
corresponding ±1 standard deviation relative to mean difference displayed by 
the solid contours.  
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Figure 14. WRF-simulated time series of diurnally averaged 2-meter air 
temperature difference (°C), averaged across AMJJ 2008 for each SMN 
station between WRF Control 3Urban(red solid contour), observed 
temperature (green solid contour). Dashed colored lines represent 
corresponding ±1 standard deviation relative to mean difference displayed by 
the solid contours.  
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Figure 15. WRF-simulated time series of diurnally averaged 2-meter air 
temperature difference (°C), averaged across AMJJ 2008 for each SMN station 
between WRF Control 3UrbanAH(red solid contour), observed 
temperature (green solid contour). Dashed colored lines represent 
corresponding ±1 standard deviation relative to mean difference displayed by 
the solid contours.  
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Figure 16. WRF-simulated time series of diurnally averaged 2-meter air 
temperature difference (°C), averaged across AMJJ 2008 for each SMN station 
between WRF Control 3UrbanFull(red solid contour), observed 
temperature (green solid contour). Dashed colored lines represent 
corresponding ±1 standard deviation relative to mean difference displayed by 
the solid contours.  
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4.2 Assessment of the Impacts of Urbanization on MCMA’s Regional Climate 
 As Control 3UrbanFull experiment comprises the parameters which 
assimilates MCMA modern climate conditions, here and after this scenario will be 
used to represent MCMA’s modern climate. This section evaluates the impacts of 
the urban landscape on the native environment. Attention is paid to thermal 
conditions resulting from urbanization as compared to a Pre-Settlement scenario, 
and the driving surface energy balance conditions leading to impacts on 
Control'Default' Control'3Urban'
Control'3Urban'AH' Control'3UrbanFull'
Figure 17. WRF-simulated time series of diurnally averaged 2-meter air 
temperature difference (°C), averaged across AMJJ 2008 for CEMCAS 
station between WRF a) Control Default, b) Control 3 Urban, c) Control 
3UrbanAH and d) Control 3Urban AH (red solid contour), observed 
temperature (green solid contour). Dashed colored lines represent 
corresponding ±1 standard deviation relative to mean difference displayed by 
the solid contours.  
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simulated temperatures. Analysis is extended to changes in planetary boundary 
layer  (PBL) depth via assessment of turbulent kinetic energy profiles. These 
assessments are made possible by comparing the outputs from the numerical 
simulations for modern and non-human (native landscape) scenarios. 
4.2.1 Temperature Contrast 
 A climate indicator, which responds to the changes of the underlying land 
cover, is temperature. The purpose of this segment is to quantify the impacts of 
urbanization in this climate variable. 
 Figure 18A depicts a mean thermal difference of 0.11 °C for the whole 
domain during the warm months of AMJJ 2008. Overall, warm temperature 
differences up to 4.4 °C are found in MCMA. However, in the northeast part of 
MCMA, a cooling effect is found. This indicates that in contemporary MCMA, a 
larger diurnal temperature range take places relative to pre-settlement times. A 
plausible, physically based explanation for this occurrence relates to the 
presence of the native landscape combined with the ancient lakes, which forced 
temperatures to remain during the diurnal cycle. Contrary, intentionally modified 
regions, urban building materials are capable of absorbing greater quantities of 
short wave radiation during the daytime and poorly release this energy during the 
nighttime. Therefore both higher and lower temperatures are reached during the 
course of a day. 
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a) 
b) 
c) 
Figure 18. a) Time averaged simulated 2-meter air temperature difference 
(°C) between Control 3UrbanFull and Pre-settlement for AMJJ 2008, b) as 
a) but for daytime (8 am to 6 pm), c) as a) but for nighttime (7 pm to 7 am) 
 44 
Figures 18 b) and c) show mean temperature difference during daytime 
and night hours respectively. In the daytime, mean temperature difference across 
the domain is 0.22 °C while at night is negligible. During the day, warming 
occurring from urbanization exceeds 6 °C. At night, a thermal difference between 
the modern environment and the pre-settlement scenario is 11 °C is for the entire 
domain. Specifically for the urban grid cells, corresponding to MCMA, a cooling 
trend is found during the night hours due to properties of the urban materials, 
which permit that temperatures descent greatly at night as they release stored 
energy. Around the Lake Texcoco area, a warm thermal contrast develops during 
the daytime while at night a remarkable cooling trend is seen. This temperature 
difference occurs as a result of the difference of the thermal properties that exist 
between water and built up materials (i.e. asphalt and concrete). The rest MCMA, 
such as the west part display warm temperatures in comparison with the south, 
southeast, east and northeaster areas, which temperatures are 3 °C lower during 
the nighttime. Scatter urban areas located far from MCMA boundaries show the 
greatest positive thermal contrast during the entire diurnal cycle. 
Simulated diurnally averaged 2-meter air temperature difference in Celsius 
degree is shown in figure 19, with calculations performed for local time and only 
account for the urban grid cells within the entire domain.  Small temperature 
differences between the built-up and natural environment occur during the 
nighttime hours (19 LST - 7 LST) as it is depicted by the solid green contour. As 
the sun rises, the surface is heated for the contemporary MCMA and air 
temperature rises relative to the considerably moister Pre-Settlement scenario, 
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whose landscape consists of a relative large area of water. Overall, warming 
resulting from urban expansion at all hours is nearly 1 °C, with considerable 
diurnal variability indicating maximum daytime, relative to nighttime warming. 
 
Figure 19. Simulated diurnally averaged 2-meter air temperature difference (°C) 
between Control 3UrbanFull and Pre-settlement for AMJJ. Dashed red lines 
represented ±1 standard deviation to the mean (solid green line). Calculations 
are performed only for urban grid cells.  
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Figure 20. Simulated averaged 2-
meter air temperature maximum 
difference (°C) between Control 
3UrbanFull and Pre-settlement at 1 
pm for AMJJ 2008. Calculations are 
performed only for urban grid cells.  
Figure 21. Simulated averaged 2-
meter air temperature maximum 
difference (°C) between Control 
3UrbanFull and Pre-settlement at 3 
am for AMJJ 2008. Calculations are 
performed only for urban grid cells.  
Figures 20 and 21 correspond to the hours in which the greatest maximum 
and minimum thermal difference occur on MCMA. The spatial variation among 
the urban grid cells of MCMA shows a mean maximum temperature difference of 
11.48 °C at 13 LST (figure 20). The current environment suggests that during this 
hour is where the maximum short wave radiation strikes the surface. While in the 
pre-settlement experiment, the greatest evaporative cooling takes place. In 
addition, figure 20 displays a signal corresponding of the areas where the 
thermal contrast results from the difference between the radiative properties that 
exists between the urban materials and the water. At 3 LST the mean warming 
for the entire domain is nearly imperceptible. Although, a thermal contrast of 2.73 
°C occurs on the core of MCMA, which corresponds to urban high pixels (figure 
21), while the rest of the metropolitan area exhibits a cooling effect. Overall, the 
results from the model suggest that thermal difference occurs during all times, 
the greatest temperature contrast occurs during the daytime on AMJJ of 2008.  
4.2.2 Surface Energy Fluxes 
 MCMA’s diurnal surface energy balance exhibits a all-net wave radiation 
(Q*) greatly influenced by the stored heat ∆𝑄! while sensible heat (QH) also plays 
a key role. Latent heat  (QE) is the less prevailing energy source on MACMA. 
Asphalt and dark surfaces are largely found in the urban built-up environment, 
those materials obstruct the release of soil moisture to the upper atmosphere 
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(Oke at al.,1992, Velasco, Pressley, Grivicke, Allwine, Molina and Lamb, 2011). 
Figure 22 exemplifies MCMA’s surface energy balance described by Velasco et 
al. (2011). 
 
Figure 22. MCMA’s energy balance during warm days (Velasco et al., 2011). 
The energy fluxes that contribute to the surface energy balance are 
partitioned differently after the natural water body is drained (i.e. the lake system 
displayed on the pre-settlement scenario) and the development of the urban 
environment. For instance, QH increases as QE decreases. This was confirmed 
after analyzing the averaged simulated sensible heat flux difference between 
Control 3UrbanFull and Pre-settlement, in which sensible heat appears to be one 
of the main energy fluxes which greatly influence all-net wave radiation on 
MCMA. The sensitivity analysis shows on figure 23A that the maximum sensible 
heat difference between urban and pre-settlement scenarios is 162 Wm-2 for the 
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entire domain, while latent heat (figure 24A) and ground heat (figure 25A) fluxes 
show a maximum difference of 709 and 3 Wm-2 respectively. During the day, 
sensible heat flux (figure 23B) reaches a mean maximum difference of 272 Wm-2 
while latent heat (figure 24B) and ground flux (figure 25C) display to be 
constrained after the development of the built environment. During the night 
hours, maximum sensible heat flux difference remains greater than 250 Wm-2  
(figure 23C). 
During the night, the release of energy from the built environment (i.e. 
daytime storage of energy) is slowly released, preventing rapid nocturnal cooling.  
Figure 23 shows a mean difference of 2.8 Wm-2, very similar to the sensible heat 
average difference of 2.81 Wm-2 for the same time (figure 25C). In contrast, 
latent heat flux difference between the two scenarios remains to be low (figure 
24C).  Furthermore, latent heat flux has remarkably been reduced since the 
development of urban areas. The existence of a great body of water such as the 
ancient lake system in MCMA, permitted evaporation to become an acute energy 
sink from the water, this moisture not only mixes with the atmosphere but it also 
transfers moisture. Hence, figure 24 suggests that during the pre-settlement 
scenario, the energy balance was dominated by latent heat. After the reduction 
on size and dimension of those lakes, MCMA modern environment reveals a 
different energy partition resulting in a deficit of moisture and a surplus of 
sensible heat.  
Considering that in the pre-settlement scenario, the system of lakes retain 
greater volumes of water (i.e. a deeper lake), this would have further implications 
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on the energy balance. The water volume would absorb the short wave radiation, 
and this energy will be released after sunset through evaporation. Therefore, Q*  
would continue to be greatly influenced by QE as the results from the model 
proposes for this scenario. 
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Figure 23. a) Time averaged simulated sensible heat flux difference (Wm-2) 
between Control 3UrbanFull and Pre-settlement for AMJJ 2008, b) as a) but for 
daytime (8 am to 6 pm), c) as a) but for nighttime (7 pm to 7 am).  
 
a) 
b) 
c) 
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Figure 24. a) Time averaged simulated latent heat flux difference (Wm-2) 
between Control 3UrbanFull and Pre-settlement for AMJJ 2008, b) as a) but for 
daytime (8 am to 6 pm), c) as a) but for nighttime (7 pm to 7 am). 
a) 
b) 
c) 
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Figure 25. a) Time averaged simulated ground heat flux difference (Wm-2) 
between Control 3UrbanFull and Pre-settlement for AMJJ 2008, b) as a) but for 
daytime (8 am to 6 pm), c) as a) but for nighttime (7 pm to 7 am). 
 
a) 
b) 
c) 
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4.2.3 Assessment of Changes on Planetary Boundary Layer  
In spite of the research conducted on MCMA, limited studies have 
examined the variability of appropriate climate metrics such as the planetary 
boundary layer (PBL) depth. As a result of the frictional interaction between the 
atmosphere and the underlying terrain, unstable conditions develop as a result of 
the rising air parcels (e.g. eddies) from the heated surface. This permits the 
development of a PBL and the depth of this layer grows up to 1-2 km from the 
surface (Oke, 1987).  
Figure 26 represents the simulated mean differences of PBL height 
between the current landscape and native environment; the result is near to 596 
m (figure 26). The pre-settlement scenario suggests having a very shallow PBL. 
The maximum development of PBL occurs during the daytime hours, when the 
surface responds to the incident short wave energy combined with the 
anthropogenic heating. Figure 26 A suggests that maximum PBL height 
correspond with the high urban density areas on MCMA, during the daytime, this 
is up to 1 km (figure 26 B). After sunset, PBL extent decreases (figure 26 C) with 
lingering differences between modern day urban representation and pre-
settlement over urban areas of roughly 100 meters. The extent of the PBL has 
implications on air quality because a deeper layer permits increased mixing and 
dispersion within a greater volume. 
 Figures 27 and 28 show an altitude-longitude cross-section of averaged 
turbulent kinetic energy (TKE) difference at 19.6° N and 19.35° N respectively, 
between the urban and the pre-settlement scenarios. Results indicate that the 
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northern cross-section, in which high urban density built environment is found, 
shows greater vertical instability due to greater turbulence taking place there 
(figures 45 and 46). Specifically, maximum TKE takes place during the daytime 
at 19.35 ° N. Furthermore, the greater turbulence occurs in the re-classified 
urban areas. However, as the nighttime progresses, calm conditions lead to 
minimal turbulence, resulting in the limited PBL differences presented earlier 
(figures 27 C and 28 C).  
 Urbanization leads to the development of deeper PBL in comparison with 
the natural environment, additionally greater sensible heat flux persisting during 
the daytime hours. This allows that more mixing of pollutants, reaching higher 
levels of the atmosphere. 
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Figure 26. a) Simulated averaged PBL height difference (meter) between Control 
3UrbanFull and Pre-settlement for AMJJ 2008, b) as a) but for daytime (8 am to 6 
pm), c) as a) but for nighttime (7 pm to 7 am). 
a) 
b) 
c) 
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Figure 27. a) Simulated altitude-longitude cross-section of averaged turbulent 
kinetic energy (TKE) difference (m2 s-2) between Control 3UrbanFull and Pre-
settlement for AMJJ 2008. Cross sections are calculated at 19.6°. The black 
contours in each panel indicate model height above sea level (km). b) as a) but 
for daytime (8 am to 6 pm), c) as a) but for nighttime (7 pm to 7 am). 
a) 
b) 
c) 
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Figure 28. a) Simulated altitude-longitude cross-section of averaged turbulent 
kinetic energy (TKE) difference (m2 s-2) between Control 3UrbanFull and Pre-
settlement for AMJJ 2008. Cross sections are calculated at 19.35°. The black 
contours in each panel indicate model height above sea level (km). b) as a) but 
for daytime (8 am to 6 pm), c) as a) but for nighttime (7 pm to 7 am). 
a) 
b) 
c) 
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CHAPTER 5 
DISCUSSION AND CONCLUSIONS 
The effects of urbanization for the third largest metropolitan area in the 
world have been examined through an evaluation of the warm months of April 
through July 2008. This assessment was performed through a numerical climate 
model (i.e. WRF) for a high resolution of 1 km.  Additionally, in this study was 
demonstrated the importance of having an accurate representation of the LULC. 
In this case, improvements of the simulated temperatures were seen after 
changing from a single urban class experiment to a remote sensing derived three 
urban classification. After seeing improvements on the calculated temperatures, 
an experiment was designed where a very high anthropogenic profile was 
incorporated. Finally, a more realistic scenario (e.g. Control 3Urban Full) derived 
from the updated urban classification coupled with an acceptable anthropogenic 
heating values. This experiment demonstrates to closely represents modern 
MCMA.  
 After selecting the most accurate experiment, a sensitivity analysis was 
conducted. Here, it was possible to evaluate the impacts of Mexico City’s 
historical urban expansion. A pre-settlement scenario represented the native 
landscape without being affected by a human intervention on the environment. 
Furthermore, this scenario took in consideration the presence of a system of 
lakes, which scarcely exists in nowadays. After testing the differences of between 
the urban and pre-settlement scenarios, MCMA exhibits a cooling effect during 
the nighttime but a warming trend from 1 pm to 6pm. At early afternoon is where 
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the greatest thermal difference occurs due to the contrast on sensible heat and 
latent heat fluxes. Furthermore, during the day, human intervention in the 
environment has permitted greater temperatures up to 10 ° C in contrast with the 
native environment.  MCMA is strongly influenced by sensible heat flux at all 
hours, ground heat flux reaches its greatest values at night while latent heat flux 
has been suppressed as the poor presence of moisture sources. The urban buit-
up environment has lead to the development of a deeper planetary boundary 
layer, which has further implications on the air quality. 
This work is a starting point for future research, simulations with historical urban 
expansion should be considered to assess the climate impacts of contemporary 
MCMA urban growth. As one of the greatest fast growing metropolitan areas in 
the world, it may be beneficial of evaluating the benefits of implementing urban 
adaptation strategies such as highly reflective roofs (i.e. cool roofs) and 
permeable roofs (i.e. green roofs) on the regional climate. 
 60 
REFERENCES 
Arnfield, A. J. (2003). Two decades of urban climate research: a review of turbulence, 
exchanges of energy and water, and the urban heat island. International journal 
of climatology, 23(1), 1-26. 
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